Introduction
, 1 3 9
we estimated the number of cones available in the study area by using visual cone counts to 1 4 0 determine cone index (for details, see LaMontagne et al. 2005) . 1 4 1
Maternal behavior observations 1 4 2 In 2008 In , 2009 In , 2016 and 2017, we live-trapped (Tomahawk Live Trap, Tomahawk, WI, USA) 1 4 3 breeding females (n = 272 unique squirrels across 4 years) at regular intervals to determine 1 4 4 reproductive status (see McAdam et al., 2007 for more details) . Squirrels in this study were from 1 4 5 either a control study area (n = 141 squirrels) or a study area that was provided with 1 4 6 supplemental ad libitum peanut butter from 2004 to 2017, resulting in a higher density of 1 4 7 squirrels (n = 79 squirrels) (described in Dantzer et al. 2013) . Squirrels in the high-density study 1 4 8 area typically have higher levels of glucocorticoids (Dantzer et al. 2013 ) and spend less time in 1 4 9 the nest (Dantzer et al. 2012) . We included these squirrels from the high-density study area 1 5 0 because it increased our sample size by 56%. However, in our present study, study area did not 1 5 1 predict growth rate (Table 1) . Nonetheless, to control for any variation due to this difference in 1 5 2 conspecific density and food availability, we included study area as a covariate in all models 1 5 3 predicting pup survival or growth rate. 1 5 4
As soon as lactation was detected through trapping, we used VHF radio telemetry to locate 1 5 5 the nests where VHF collars were put on the mother. We will refer to this as the "first nest entry" 1 5 6 (n = 292 litters from 167 females; mean pup age ± SD: 2.75 ± 3.33 days old). We estimated 1 5 7 parturition date based on mass of pups, as well as palpation and lactation history of the mother 1 5 8 (McAdam et al. 2007) . When pups were ~25 days old, we repeated this process for what we will 1 5 9 refer to as the "second nest entry" (n = 227 litters from 152 females; mean pup age ± SD: 25.8 ± 1 6 0 2.47 days old). Forty-eight females were observed across two years. 1 6 1 0 (ß = -75.27, SE = 144.23, t 185 = -0.52, p = 0.60). This suggests that the time pups spent outside of 1 7 1 the nest for processing or the number of pups in a litter did not influence the latency for a female 1 7 2 to return to her nest. Data on time pups spent out of the nest were not collected in other years, but 1 7 3 the above data should be representative of all years as data collection protocols were uniform 1 7 4 across all years. 1 7 5
After processing the litter, we replaced all pups in the original nest. While the pups are being 1 7 6 processed, there is high variation in maternal behavior. Some mothers explore the empty nest and 1 7 7 stay nearby or approach the researchers. Some vocalize during the entire process and never 1 7 8 approach. Mothers may even enter the nest before the researcher has left the nest tree. 1 7 9
Alternatively, some mothers will move further away from the researchers or immediately leave 1 8 0 and only return once the researchers have left (Westrick, personal observation). Not every litter 1 8 1 was observed for both first and second nest entries because some of the litters did not survive 1 8 2 from the first to second nest entry and some first nest entries were missed. 1 8 3
Fitness benefits of an attentive mother 1 0
After each nest entry, we performed focal behavioral observations on mothers. An observer 1 8 4 (n = 31 different observers) moved >5 m away from the nest tree and watched the mother's 1 8 5 behavior for 7 minutes following replacement of pups in the nest to record the time pups were 1 8 6 replaced in the nest, the time mother returned to the nest, and the time mother began moving the 1 8 7 pups. Observers were blind to the previous return latencies of the focal squirrel and were blind to 1 8 8 the specific growth rates of pups. Because the observers processed the litter prior to behavioral 1 8 9 observations, it was impossible to keep them blind to the litter size. Five observations were at 1 9 0 underground nests, with the remaining in trees. We determined latency to return to pups as the 1 9 1 time between pup replacement in their original nest and the mother's return to the nest and 1 9 2 censored any observations where the mother did not return within 7 minutes (n = 319 censored 1 9 3 observations). Mothers typically moved their pups to a different nest immediately following their 1 9 4 return to the nest after our intrusion as indicated by a strong relationship between the uncensored 1 9 5 latency to return and latency to begin moving pups (linear model: adjusted R 2 = 0.81, ß = 0.87, 1 9 6 SE = 0.032, t = 27.43, p < 0.0001). Among trials where the mother returned, 83% of mothers 1 9 7 moved their pups within 7 minutes. By measuring latency to return, our goal was to capture 1 9 8 individual variation in how motivated a mother was to retrieve her pups to move them to a safer 1 9 9 nest following a nest intrusion. 2 0 0 While many studies in the lab measure the time to retrieve all pups, the spatial scale at which 2 0 1 wild female red squirrels move their offspring makes this problematic. Females move their pups 2 0 2 individually to a new nest that is meters to tens of meters away. As a result, variation in the 2 0 3 length of time between initiation and completion of moving pups is likely to be caused mostly by 2 0 4 the distance between nests and the number of pups to be moved rather than by maternal 2 0 1 motivation. Recording the latency to return to her pups following a standardized nest disturbance 2 0 6 allows us to quickly capture the responsivity of a mother to her pups needs in a wild animal. 2 0 7
Offspring measurements: growth rate and survival 2 0 8
Growth between the two nest entries is approximately linear (McAdam and Boutin 2003b), 2 0 9 so we calculated growth rate (g/day) of pups (n = 671 pups) as the change in mass from first to 2 1 0 second nest entry divided by number of days between nest entries. We monitored survival of 2 1 1 juveniles (n = 870 juveniles from 251 litters) for the remainder of the year and following spring. 2 1 2
We recorded survival to autumn of the birth year as a binary measure (alive or dead on August 2 1 3 15 th ). As part of our long-term data collection, we censused the entire study population yearly to 2 1 4 confirm territory ownership by August 15 th and again by May 15 th (McAdam et al. 2007) . squirrels are diurnal and their activity (territorial defense behavior and presence) is conspicuous, 2 2 3 we were able to completely enumerate all squirrels inhabiting the study areas through a 2 2 4 combination of repeated live trapping and behavioral observations. We are confident our survival 2 2 5 observations are not influenced by dispersal outside our study area because, in this population, 2 2 6 the apparent survival of juveniles born on the edge of the study areas is not significantly different 2 2 7 from those born in the core (Kerr et al. 2007 ).
8
From our biannual population censuses and behavioral observations, we tracked lifetime 2 2 9
reproductive success (LRS) of mothers. We defined LRS as the number of pups borne over the 2 3 0 entire lifetime of a dam that survived to recruit into the breeding population (i.e., alive for more 2 3 1 than 199 days or roughly to the spring following their year of birth). To accurately calculate 2 3 2 LRS, we only included mothers with known birth years before 2011 (n = 45 females) to ensure 2 3 3
we captured the number of pups produced over their entire lifespan. We excluded mothers that 2 3 4 died of unnatural causes. 2 3 5
All work was conducted under animal ethics approvals from Michigan State University 2 3 6 (AUF#04/08-046-00), University of Guelph (AUP#09R006), and University of Michigan 2 3 7 (PRO00005866). We conducted all statistical analyses in R version 3.4.3 (R Core Team, 2016). To estimate 2 4 1 within-individual repeatability of maternal attentiveness, we used the R package 'rptR' version 2 4 2 0.9.21 (Stoffel et al. 2017) . In our linear mixed effects model for repeatability, we included 2 4 3 squirrel identity (ID) as a random intercept term, no fixed effects, and used parametric 2 4 4 bootstrapping (n = 1000) to estimate the confidence interval. 2 4 5
In our models to assess how maternal nest attentiveness affected offspring growth, we 2 4 6 included the following predictors: return latency, number of pups in litter, parity of mother (first 2 4 7 time mother or not), Julian parturition date of the litter, cone index of the previous autumn, sex 2 4 8 of pup, birth year (as a factor), and study area (control or high-density). We used the R package 2 4 9 'lme4' version 1. 1-19 (Bates et al. 2015) to fit linear mixed-effects models and estimated P- Due to the count nature of LRS and the high variance of LRS relative to the mean, we used a 2 7 4
negative binomial generalized linear model to estimate the relationship between maternal 2 7 5 attentiveness and LRS. For each squirrel, we averaged latency to return to pups across all 2 7 6 observations of that individual. In addition to latency to return to the pups, the model included with lifespan (Pearson's correlation R: 0.87, t = 11.78, df = 43, p < 0.00001), therefore we left 2 8 1 this out of the model. We also fit the same model reducing the dataset to only observed return 2 8 2 latencies, excluding any censored data, as a comparison. To fit these models, we used the R 2 8 3 package 'MASS' version 7.3-51.1 (Venables and Ripley 2002) . We standardized all continuous 2 8 4 fixed effects to allow for comparison of effect size. GVIF (1/(2xDF)) for all predictors was < 2. 2 8 5
We ran all models for growth rate and survival with observations from the two nest entries 2 8 6 separately due to the potential for different levels of maternal investment at different times in the 2 8 7 breeding season. Specifically, squirrels born earlier in the year generally are more likely to 2 8 8 survive until the following year so mothers that lose their litter earlier in the season (e.g. right 2 8 9 after birth) have the potential to successfully breed again (McAdam et al. 2007 ; Williams et al. 2 9 0 2014), whereas mothers that lose their litter later in the season (e.g. a month after birth of the 2 9 1 first litter) may not have the same potential for a successful second litter in a non-mast year. 2 9 2
Additionally, newborn pups are hairless and more dependent on their mother for temperature 2 9 3 regulation than ~25-day old pups with fur. Consequently, we might expect behavior observations 2 9 4 at the two nest entries to vary due to this difference in maternal investment and pup 2 9 5 developmental stage, thus the measurements at the two nest entries may not be equivalent. Fitness benefits of an attentive mother 1 5
Additionally, due to natural litter failures and missed observations, not every litter was observed 2 9 7 at both the first and second nest entries. survival curves, the median latency to return was slightly faster during the second nest entry 3 0 6
compared to the first nest entry, but survival curves do not significantly differ (nest entry 1 3 0 7 median = 407 s; nest entry 2 median = 342 s; difference between curves: χ 2 = 0.1, p = 0.7). 3 0 8
In our models for within-individual repeatability of latency to return to pups, we found 3 0 9 mothers were consistent across observations of maternal nest attentiveness behavior whether we 3 1 0 included censored observations (R = 0.22, SE = 0.053, CI = [0.11, 0.32], p = 0.000013), or 3 1 1 excluded them (R = 0.36, SE = 0.09, CI = [0.17, 0.52], p = 0.00072). 3 1 2
Maternal nest attentiveness and pup growth rate 3 1 3
We found that the apparent cost for an individual pup of being in a litter with many 3 1 4 siblings, in terms of a reduced growth rate, was lessened by having a highly attentive mother. As 3 1 5 predicted by life history theory, in both our models of growth rate, pups from larger litters grew 3 1 6 more slowly than pups in small litters (nest 1: ß = -0.14, SE = 0.025, t 192.53 = -5.87, p < 0.00001; 3 1 7 nest 2: ß = -0.11, SE = 0.024, t 175.09 = -4.60, p < 0.00001). However, pups in large litters with 3 1 8 mothers that returned soon after pup replacement (i.e., more attentive mothers) grew faster than 3 1 9 those in large litters with mothers that took longer to return to the nest, particularly early in pup 3 2 0 development (latency x litter size interaction -nest entry 1: ß = -0.051, SE = 0.023, t 196.22 = -3 2 1 2.22, p = 0.028; nest entry 2: ß = -0.021, SE = 0.023, t 170.77 = -0.91, p = 0.37; Figure 1; Table 1 ). 3 2 2
In both models for the first and second nest entry, male pups grew faster than female 3 2 3 pups (nest entry 1: ß = 0.040, SE = 0.018, t 370.67 = 2.22, p = 0.027; nest entry 2: ß = 0.054, SE = 3 2 4 0.020, t 338.66 = 2.71, p = 0.0071; Table 1 ) and pups born later in the year also grew faster than 3 2 5 pups born earlier (nest entry 1: ß = -0.10, SE = 0.033 t 180.18 = -3.07, p = 0.0025; nest entry 2: ß = 3 2 6 -0.087, SE = 0.037, t 164.44 = -2.37, p = 0.019, Table 1 ). 3 2 7
Maternal nest attentiveness and survival 3 2 8
Faster growing pups in both models were more likely to survive to autumn (nest entry 1: 3 2 9 ß = 0.24, SE = 0.11, z = 2.12, p = 0.034; nest entry 2: ß = 0.29, SE = 0.12, z = 2.44, p = 0.015; 3 3 0 Table 2 ). There was no further effect of maternal attentiveness once the direct effect of growth 3 3 1 was accounted for (nest entry 1: ß = -0.11, SE = 0.11, z = -1.00, p = 0.32; nest entry 2: ß = -0.12, 3 3 2 SE = 0.11, z = -1.05, p = 0.29; Table 2 ). Overall, females were more likely than males to survive 3 3 3 until autumn (nest entry 1: ß = 0.71, SE = 0.22, z = -3.30, p < 0.0001; nest entry 2: ß = -0.54, SE 3 3 4 = 0.23, z = -2.34, p = 0.019; Table 2 ). Pups born earlier in the year (nest entry 1: ß = -0.27, SE = 3 3 5 0.12; z = -2.17, p = 0.00098; nest 2: ß = -0.19, SE = 0.13, z = -1.47, p = 0.14; Table 2 ) and pups 3 3 6 born during years where there was high autumn spruce cone production were more likely to 3 3 7 survive (nest entry 1: ß = 0.25, SE = 0.11, z = 2.21, p = 0.027; nest 2: ß = 0.36, SE = 0.14, z = 3 3 8 2.64, p = 0.0084; Table 2 ). 3 3 9
Maternal nest attentiveness and lifetime reproductive success 3 4 0
Mothers who on average returned to their pups faster had slightly more pups recruit into 3 4 1 the population during their lifetime (ß = -0.35, SE = 0.19, z = -1.89, p = 0.059; Figure 2 ; Table  3 4 2 3a). While this relationship is uncertain and therefore not statistically significant, the effect size 3 4 3 is quite large. On average, mothers who returned immediately after pups were replaced in the 3 4 4 nest had ~1 more pup recruit than mothers who returned at the end of the 7 min observation 3 4 5
period. If we only include observed maternal behavior data (n = 32 females, no censored data), 3 4 6 this relationship becomes stronger (ß = -0.40, SE = 0.17, z = -2.31, p = 0.021; Table3b). 3 4 7
Females who lived longer had higher LRS (ß = 0.56, SE = 0.16, z = 3.40, p = 0.00068; Table  3 4 8 3a). We found that maternal nest attentiveness (measured as latency to return to pups) 3 5 2 following a nest intrusion is a repeatable behavior among female red squirrels, which suggests 3 5 3 individuals exhibit maternal styles with some mothers being more attentive to the pups and other 3 5 4 mothers adopting a more laissez-faire approach. The repeatability of this maternal behavior is Variation in maternal behavior in red squirrels has important consequences for offspring. 3 6 3
Female red squirrels exhibiting higher levels of maternal nest attentiveness lessened the 3 6 4 fundamental life history trade-off between offspring quantity and quality. Red squirrel mothers 3 6 5 that were highly attentive at the first nest entry were capable of producing faster growing pups, 3 6 6 compared to less attentive mothers, by mitigating the trade-off between litter size and pup 3 6 7 growth rates. This amelioration of the negative impact that siblings can have on the growth of 3 6 8 each offspring in the litter could be one way that maternal behavior alters offspring lifetime 3 6 9 fitness trajectories (Klug and Bonsall 2014). For example, offspring that grow up in large litters 3 7 0 may grow nearly as fast as offspring in smaller litters if they have a highly attentive mother. their investment in the quantity or quality of offspring according to environmental conditions. 3 7 5
For example, in quacking frogs (Crinia georgiana), mothers face a trade-off between egg size 3 7 6 and number and can use variable egg provisioning to influence survival of offspring in good and 3 7 7 poor-quality environments (Dziminski and Roberts 2006) . Similarly, in birds, habitat elevation is 3 7 8 an important factor influencing whether parents invest in quantity or quality of offspring 3 7 9
(Badyaev and Ghalambor 2001). Our study suggests red squirrels use maternal behavior as one 3 8 0 mechanism to adjust the trade-off between offspring size and number, but the ecological cause of 3 8 1 variation in maternal behavior is yet to be determined. Mothers may invest heavily in offspring 3 8 2 when density is high to increase growth or reduce investment when the benefits no longer exceed In our study population of red squirrels, faster early life growth rate is associated with an 3 8 8 increased probability of pup survival into adulthood, especially when population density is high 3 8 9 (McAdam and Boutin 2003a; Dantzer et al. 2013; Hendrix et al. 2019) . Because growth rate is 3 9 0 predicted by maternal behavior, including these two measurements as predictors in the same 3 9 1 model may mask the indirect impact of maternal care on survival. These results suggest growth 3 9 2 rate may be the mechanism by which maternal behavior increases survival of pups, but we have 3 9 3 no evidence to suggest that maternal attentiveness has any further effect on offspring survival 3 9 4 beyond that which is mediated through the increased growth rate of her pups. Additionally, we 3 9 5
found that, over their lifetime, mothers that exhibit a more attentive maternal style have more 3 9 6
offspring that recruit into the breeding population. Latency to return to pups and subsequently 3 9 7 move them to a new nest following a nest disturbance may affect offspring growth and survival 3 9 8 through a variety of pathways. Lactating female red squirrels are known to move their pups 3 9 9
between nests on their territory as the ambient temperature fluctuates to maintain an optimum 4 0 0 temperature for offspring growth (Guillemette et al. 2009 ). Since latency to return to pups is 4 0 1 highly correlated with latency to move pups (see Methods), highly attentive mothers may be 4 0 2 better able to move offspring from one nest to another that puts offspring in the optimal thermal 4 0 3 environment that maximizes growth. Highly attentive mothers may also increase offspring Despite finding that highly attentive mothers had higher lifetime reproductive success, 4 1 1 we found substantial individual variation in maternal nest attentiveness. This begs the question of 4 1 2 why is there variation in this highly beneficial behavior? Although, we did not explicitly 4 1 3 compare the costs and benefits assumed in parental investment theory, there are likely costs 4 1 4 experienced by highly attentive mothers. For example, if the nest was intruded upon by 4 1 5 predators, highly attentive mothers that quickly return to the nest could face the cost of 4 1 6 potentially being preyed upon themselves. Additionally, there are likely substantial energetic 4 1 7 costs associated with moving pups to a new nest; on average one ~25-day old pup weighs ~18% 4 1 8 of the body mass of an adult female. We have not yet documented the costs of maternal 4 1 9 attentiveness but there are three possible explanations for why there is substantial individual-4 2 0 variation in maternal attentiveness despite the clear fitness benefits we documented in this study. 4 2 1
First, high maternal nest attentiveness could be exhibited by high quality mothers who can afford 4 2 2 higher investment in current reproduction, and variation we see in maternal behavior is due to 4 2 3 limitations on the mother and current environmental conditions, rather than fitness consequences 4 2 4 (van Noordwijk and de Jong 1986). For example, highly attentive mothers that produce fast 4 2 5
growing offspring with higher survival may be those with larger amounts of cached food. 4 2 6 Secondly, it is entirely possible that the survival costs to females of increased 4 2 7 attentiveness are underrepresented in our data due to the 'invisible fraction', or individuals that 4 2 8
do not survive to express this behavior (Grafen 1988; Hadfield 2008) . We are not able to 4 2 9 measure maternal attentiveness on all squirrels and many squirrels die prior to even reproducing 4 3 0 so we are unable to collect data on them. We are more likely to have sampled older individuals 4 3 1 for maternal attentiveness which means the survival costs to females with increased attentiveness 4 3 2 2
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